Understanding how changes in temperature affect interspecific competition is critical for 38 predicting changes in ecological communities as the climate warms. Here we develop a 39 simple theoretical model that links interspecific differences in metabolic traits, which capture 40 the temperature-dependence of resource acquisition, to the outcome of pairwise competition 41 in phytoplankton. We parameterised our model with metabolic traits derived from six species 42 of freshwater phytoplankton and tested its ability to predict the outcome of competition in all 43 pairwise combinations of the species in a factorial experiment, manipulating temperature and 44 nutrient availability. The model correctly predicted the outcome of competition in 71% of the 45 pairwise experiments. These results demonstrate that metabolic traits play a key role in 46 determining how changes in temperature influence interspecific competition and lay the 47 foundation for developing theory to predict the effects of warming in complex, multi-species 48 communities. 49 50
INTRODUCTION
before nutrient concentration has been appreciably depleted, population growth rate of the i th 114 species (i = a or b) can be expressed as 115 116
where N is the phytoplankton cell density (cells·mL -1 ), µ the realised population growth rate 119 (d -1 ), and t the time (days). We model growth rate µ i of the i th species using the Monod 120 equation (Monod 1949) , where µ max is the maximum growth rate in nutrient-saturated conditions (d -1 ), K S the half-125 saturation constant (μmol·L -1 ), corresponds to the concentration of limiting nutrients at which where B 0,i and K 0,i are the values of µ max,i and K S,i at a reference temperature T ref (Kelvins) and 142 include the scaling of µ max and K S with cell size (SI section S1), E µ,i and E K,i are the activation 143 energies (eV) that phenomenologically quantify the relative rate of change in µ max and K S with 144 temperature, k is the Boltzmann constant (eV·Kelvin -1 ), and T is the temperature (Kelvins). 145 The parameters of equations (3) and (4) (B 0,i , K 0,i , E µ,i , E K,i ) are metabolic traits that 146 characterise how resource acquisition and growth respond to temperature. 147 Assuming N a (0) = N b (0) (starting densities are equal in experiments), we can define (see SI Section S1). Thus, the value of depends on differences in the competing species' 155 metabolic traits, that is, on the respective parameters that define the temperature dependence 156 of µ max and K S (B 0,i , E µ,i , K 0,i , E K,i ) between the two species. When there are no differences 157 (the equivalent parameters are the same in both species), R = 0 and both species are expected 158 to be equally abundant at any time point t. When there are mismatches, R ≠ 0, the sign of R 159 indicates which species has a competitive advantage: for R > 0, species a is expected to 160 outnumber species b at time t, while the opposite is true for R < 0. 161 We can assess the relative importance of the metabolic traits characterising nutrient 162 limited and resource saturated growth for predicting competitive advantage by comparing the 163 full model for R (equation 5) to a simplified version that assumes nutrient saturation: 
177
For narrower temperature ranges, such as those discussed in this study, the winner is 178 determined by differences in both normalisation constants and activation energies. This trade-179 off between the normalisation constants and the activation energies in shaping how the 180 competitive advantage changes with warming is similar (but temperature-specific) to the 181 trade-off functions central to adaptive dynamics.
182
The sign of R and R ∞ can change with temperaturea "reversal" in the competitive 183 advantage indicates that one species can outcompete the other only within a specific 184 temperature range (e.g., Fig. 3 ; SI Fig. S1B and Section S1). Thus our model makes the 185 following key predictions: (i) differences in individual species' metabolic traits can predict 186 competitive advantage between pairs of species at a given temperature; (ii) R ∞ will 187 approximate R in predictive power at higher nutrient concentrations, but R will better predict 188 competitive advantage at lower nutrient concentrations; and (iii) the competitive advantage 189 will reverse with warming if the species with lower performance at low temperature (B 0 ) has 190 a sufficiently higher thermal sensitivity (E µ ). 
METHODS

193
Study design 194 We used an experimental approach to test the model's ability to predict competition in six 195 phytoplankton species (SI Fig. S2A ). We first determined the temperature dependence of µ max 196 and K S for each species independently, which were used to parameterise the model, allowing October 2015 from the CCAP (SI Table S2A ), and grown on COMBO medium in semi- Fig. S2A ). We created 13 solutions of COMBO medium with different 218 phosphate concentrations ranging from 0.01 to 50 µmol PO 4 3+ L -1 (SI Table S2B ), a range 219 relevant to phosphate concentrations commonly found in lakes (Downing et al. 2001 ). Small 220 tissue culture flasks (Nunclon) filled with 40 mL of each solution were inoculated with each 221 species in monoculture at very low density (100 cells·mL -1 ) ensuring that the increase in 222 phosphate concentration due to the inoculum volume (10 µL) was minimal (0.01 µmol·L -1 ).
223
Cells were then grown at 15, 20, 25, 30, and 35°C, and 90 µmol·m -2 ·s -1 on a 12:12 light-dark S2A), yielding 540 microcosms. We also grew the 6 species in monoculture at the two 238 temperatures and three nutrient levels to train and test an algorithm for discriminating the 239 different species in the competition trials (see SI Section S3 for more details). We used 24 240 well plates filled with 2 mL of media, inoculated them with 100 cells·mL -1 of each species, 241 and incubated them in the same way as described above. After 5, 14 and 23 days, a 200 µL 242 sample was taken and cell density was determined by flow cytometry.
243
Data analyses 244 All statistical analyses were undertaken using R v3.3.2 (R Core Team 2014).
245
Metabolic traits 246 To characterise the effects of phosphorous availability and temperature on growth we where t lag is the duration of the lag phase (days), t max the time when the maximum population 254 density is reached (days), N 0 the log 10 of the initial population density (log 10 (cells·mL -1 )),
255
N max the log 10 of the maximum population density supported by the environment 256 (log 10 (cells·mL -1 )), and µ the specific growth rate (day -1 ). Fits to the Buchanan model were each species at each temperature and for each of the three replicates using the 'nlsLM' 264 function as above. 265 We used two approaches to describe the thermal variation in µ max and K S , the Table S3A ). Results were robust to the statistical method used to discriminate 290 between species (SI Section S6).
291
After determining species identity for each competition trial, we computed cell 292 density and calculated the competitive advantage, R, of species a relative to species b by 293 taking the ln ratio of their densities (cells·mL -1 ) at time t, and adding one to account for 294 instances when one species had become locally extinct. We also computed a binary 295 competitive advantage where species a (respectively species b) was competitively dominant 296 for R > 0 (respectively R < 0).
298
RESULTS
299
Metabolic traits 300 The responses of growth rate to phosphate concentration were well fit by the Monod equation 301 (Fig. 1a) . The half-saturation constant, K S , and the maximum growth rate, µ max , varied with 302 temperature, and the temperature response of these traits differed between species (SI Tables 303 S4A-C). Maximum growth rate exhibited unimodal temperature dependence in 304 Ankistrodesmus, Chlamydomonas, and Raphidocelis (Fig. 1b , SI Table S4B ). In Chlorella 305 and Monoraphidium, max increased with temperature but did not reach a peak by 35°C, 306 while µ max in Scenedesmus exhibited negligible temperature dependence (Fig. 1b , SI Table   307 S4B). K S increased with temperature for Ankistrodesmus, Chlamydomonas, and 308 Monoraphidium, while the response was unimodal for Chlorella and Raphidocelis and there 309 was no discernible trend for Scenedesmus (Fig. 1c , SI Table S4C ). The magnitude of the 310 relationship between µ max and temperature and between K S and temperature in the operational 311 temperature range differed between species (Fig. 1b ,c, SI Table S4A ).
312
Interspecific competition 313 The competitive advantage depended on temperature, nutrient conditions and the identity of than between shifts in nutrient concentrations (11 out of 22, Fig. 2 ).
321
The theoretical competitive advantage R (equation 5) correctly predicted 71% of the 322 experimental outcomes ( unable to predict reversals at lower nutrient levels (Table 2) . These reversals are due to the 330 differences in metabolic traits between species leading to the crossing of growth rate TPCs 331 between two competing species (Fig. 3) . Assuming nutrient saturated conditions (R ∞ ) 332 decreased the predictive power of the model (Table 1) . Accounting for interspecific 333 differences in the temperature-dependence of K S substantially improved predictions at the 334 very low nutrient concentrations.
335
The observed competitive advantages between species pairs were correlated between ). 340 We also tested the model's ability to quantitatively predict the magnitude of R. We 341 found a significant correlation between the predicted and observed R (SI Fig. S7A , Table   342 S7A), which became stronger when excluding Raphidocelis (SI Tables S7B-C) . compared to μ max , the temperature-dependence of is poorly understood (see Section S1).
362
Our results support the positive temperature dependence expected by some theoretical studies rate under all conditions (Fig. 3 ). There were also frequent reversals of competitive 384 advantage, particularly with changes in temperature. Temperature-driven reversals in 385 competitive advantage were often linked to analogous reversals in the competitive advantage 386 predicted by the model, where the superior competitor in the warm environment typically had 387 a higher activation energy for maximum growth rate (E µ , Fig. 3) . The model predicted 86% (Table S3A) , and the confidence intervals around the TPCs of µ max and K S were also wide 416 ( Fig. 1 indicating strongly negative interactions that would be consistent with interspecific 422 interference.
423
Our experiments and theory explored the short-term dynamics of two species 424 colonising virgin environment when both are locally rare. The model can however also be 425 extended to explore scenarios, where a rare species (or genotype) invades a resident that is at 426 population dynamics equilibrium (see SI Section S1), which are central to resource 427 competition theory (Tilman 1981) , modern coexistence theory (Chesson 2000) , and "adaptive between a resident and a competing genotype is equivalent to the 'invasion fitness' criterion 436 (e.g., see Section 4 in (Diekmann 2003) ). As with resource competition theory, for a 437 competing genotype to successfully invade, its R* needs to be lower than that of the resident.
438
Differences in the temperature dependence of species' metabolism (or those of residents and 439 mutants) would therefore be expected to lead to trade-offs in invasion fitness, comparable to 440 those we have observed in the context of temperature-driven reversals in competitive 441 advantage owing to species' differences in the activation energy and normalisation constant 442 of maximum growth rate and the half saturation constant (see Fig. 3 ).
443
A key assumption of our model is that populations are initially rare and cells grow understanding of metabolic trait variation at local and regional scales will be needed to 471 expand the pairwise models to a trait-based meta-community framework for the effects of replicates correctly predicted; colour: more than half of the replicates correctly predicted, see 632 Table 1 ). If the cell density was too low to accurately predict a winner, we dropped the 633 replicate. Thus, the number of replicates per pair, temperature and nutrient conditions is not 634 always 6. 8 competition trials were dropped because all replicates had too low a cell density.
635
These are shown as grey tiles. The total number of replicates is N = 369. 
